The epidermal growth factor receptor (EGFR) is an important transmembrane glycoprotein kinase involved the initiation or perpetuation of signal transduction cascades within cells. These processes occur after EGFR binds to a ligand [epidermal growth factor (EGF)], thus inducing its dimerization and tyrosine autophosphorylation. Previous publications have highlighted the importance of glycosylation and dimerization for promoting proper function of the receptor and conformation in membranes; however, the effects of these associations on the protein conformational stability have not yet been described. Molecular dynamics simulations were performed to characterize the conformational preferences of the monomeric and dimeric forms of the EGFR extracellular domain upon binding to EGF in the presence and absence of N-glycan moieties. Structural stability analyses revealed that EGF provides the most conformational stability to EGFR, followed by glycosylation and dimerization, respectively. The findings also support that EGF-EGFR binding takes place through a largescale induced-fitting mechanism.
INTRODUCTION
The epidermal growth factor receptor (EGFR) family of transmembrane proteins, commonly known as ErbB receptors, is located on human mesothelial, lung epithelial cells and other epithelial cells throughout the body. This family of glycoproteins plays a critical role in initiation or perpetuation of signal transduction cascades within cells. An agonist that commonly binds to the extracellular domain of the EGFR is the epidermal growth factor (EGF), a small polypeptide hormone. 1 After binding to EGF, the receptors dimerize to form either homodimers or heterodimers with other members of the ErbB family. 2-4 This in turn activates the intracellular kinase domain of the EGFR, which after autophosphorylation, triggers a complex reaction of signals in the cytoplasm and nucleus. The physiological response to this signal transduction cascade is increased cell survival, proliferation and the inhibition of apoptosis, 2 including the transactivation of proto-oncogenes important in mitogenesis. 5 In addition, inhibition of the EGFR expression (e.g., patients under cancer therapy treatment) has been reported to promote skin infections by Staphylococcus aureus. 6 The bacterium is also able to exploit the EGRF signaling pathway to evade immune responses, 7 as well as to invade across epithelial barrier to disseminate itself into the bloodstream. 8 The 170-kDa EGFR (or ErbB1) has an extracellular ligand-binding domain (620 amino acids), a membrane-spanning region, and an intracellular cytoplasmic domain (550 amino acids) that contains a tyrosine kinase domain. 3 Along its extracellular region, 12 potential sites for N-glycosylation are reported. 9 Several studies have shown that N-linked glycosylation of the ErbB proteins is an important factor in regulating their dimerization and function. [10] [11] [12] [13] [14] [15] In addition, previous molecular dynamics simulations of N-linked glycans have shown for a number of systems that glycosylation confers stability to the glycoprotein to which they are attached. [16] [17] [18] Although complete processing of EGFR glycans to higher order mannose-type or complex-type oligosaccharides is not essential for protein function, 19 the presence of simple glycans, such as mono-or disaccharides, were observed to help provide more stable configurations. Based on this observation, Takahashi et al. have postulated that N-glycans affect the conformation of ErbB family, which is crucial for their natural activity. 14 In addition, unnatural overexpression of EGRF has been triggered by exposure to inorganic substances 20-22 and associated with lung cancers and malignant mesotheliomas. 20, 21 Thus, considering the importance of the EGFR in both physiological processes and disease, classical molecular dynamics simulations were performed in order to better comprehend the structural variables that influence EGFR activity. For this purpose, the importance of Nglycosylation on the EGFR extracellular domain, as well as the effects of dimerization and EGF binding to the receptor was evaluated by means of dimeric and monomeric EGFR interaction with its natural ligand, in the presence and absence of N-linked oligosaccharides.
MATERIALS AND METHODS
Nomenclature, software, and analysis All MD simulations of EGFR extracellular domain were performed using the GROMACS v.4.5.1 package. 23 The GROMOS force field parameter set 53A6 in conjunction with its carbohydrate 45A4 extension 24,25 was used for modeling the initial coordinates of the protein obtained from the Protein Data Bank (PDB ID code 1IVO), 26 containing two copies of EGF hormone bound to a EGFR dimer, with residues ranging 2-512, thus lacking part of Domain IV and the entire transmembrane domain. The atom-positional root mean square displacement (RMSD) and the amino acid root mean square fluctuations (RMSF) were calculated considering the protein Ca atoms. The time-dependent secondary structure was calculated using the dictionary of secondary structure of proteins (DSSP) program, 27 while all remaining analyses were performed using the postprocessing tools within the GROMACS package. 23
N-glycosylation parameters and systems preparation
The EGFR dimer was prepared for molecular simulations by building topologic databases for its glycosylated asparagine residues. The heterogeneous residue N-acetyl-Dglucosamine was made readable by GROMACS by creating two new topologically distinct residues, ASN2 and ASN3, which has either one or two GlcNAc molecules attached to an Asn residue, respectively. The two sugar molecules in ASN3 have a beta 1 ! 4 connection. The employed parameters were compiled based on previously validated GROMOS potential-energy and interaction terms, in which the monosaccharides were described as in GRO-MOS 45A4 parameters set, 24 and the N-glycosydic linkage as in GROMOS 53A6glyc force field. 17 Subsequently, the EGFR PDB ID 1IVO structure was modified to prepare the simulated systems to be a monomer or a dimer, glycosylated or nonglycosylated, and with or without its natural binding ligand (EGF). The composition and abbreviation for each system is shown in Table I . In the N-glycosylated systems, EGFR (Fig. 1) contained GlcNAc-linked residues as in PDB ID 1IVO. 26 Therefore, the monomeric systems were glycosylated on the six possible N-glycosylation sites, located at asparagine residues 32, 151, 172, 328, 337, and 420. The dimeric systems were N-glycosylated on the six abovementioned sites on Monomer 1 and on three sites on Monomer 2. Sugars were added to asparagine glycosilation sites 32, 151, and 358 for the latter, as described in the crystal structure of EGFR PDB ID 1IVO. Although higher glycosylation states have not been used, it is known that 2/3 of the stabilization of the native state of a Nlinked glycoprotein has been accounted for the first GlcNAc-linked monosaccharide, while the remaining 1/3 contribution to its structural stability comes from the second and third monosaccharides. 28 Therefore, the use of mono-and disaccharide N-glycans is expected to account for their influence on EGFR stability
Molecular dynamics simulations
Each simulation system was placed in a box with periodic boundary conditions and solvated with explicit SPC water model molecules. 29 The systems were neutralized with Na 1 and Cl 2 ions when necessary (see Table I ). The systems were initially energy optimized by 10,000 iterations of the steepest descent algorithm, followed by a 10-ns molecular dynamics equilibration time. A 50-ns production time was subsequently obtained for each system using a 2-fs time step integrated via the leapfrog algorithm. 30 Simulations were done at constant pressure (1 atm) and temperature (310 K) using the Berendsenbarostat and thermostat, respectively. 31 All bond lengths were constrained using the LINCS algorithm, 32 whereas the geometry of the water molecules was constrained by the SETTLE algorithm. 33 A 1.4-nm short-range cutoff was assigned to all van der Waals and electrostatic interactions and long-range electrostatic interactions were treated by the generalized reaction field method, 34 using a e rf 5 66. It is worth noting that is out of the scope of this work to fully characterize the EGFR dynamics. This has been previously done in a comprehensively manner. 35-38 The simulation length was chosen based on observation of the phenomena studied, so that the analyses would leave no open questions into the subject of interest.
RESULTS AND DISCUSSION EGFR conformational stability
For each of the six EGFR systems shown in Table I , we calculated an overall assessment of the protein structural behavior during MD simulations, the atom positional RMSD, the RMSF, and the secondary structure content and solvent accessible surface area (SASA), as assessment of these properties provide information on overall protein and binding site conformation and stability. As a general feature, neither N-glycosylation, dimerization or binding to EGF were observed to significantly influence the SASA or the secondary structure content of the EGFR in the performed simulations (Supporting Information Fig. S1 and Table SI ). It indicates that these factors do not significantly influence intradomain EGFR stability.
Dimerization
Regarding EGFR dimerization, a comparison of the two monomeric EGFR systems with the dimeric systems suggests a minimal effect of dimerization on the protein structure Fig. 2(A) , blue curve]. In fact, the final structure of the mEGFR NAG system appears to have undergone much more conformational rearrangements then each monomer in the dEGFR system (Fig. 3) .
Despite this, the RMSF analyses suggest that the flexibility of the monomeric systems are very similar in magnitude to the monomers in the dimeric systems Fig. 2(C,D) ]. In this case, the absence of the second monomer allowed the residues in this domain to show higher fluctuations.
N-Glycosylation
Recently, a complete monomeric EGFR glycosylated structure was studied through MD simulations embedded in a membrane bilayer. 38 Such study identified that N-glycosylation is critical for the EGFR extracellular domain to properly interact with the membrane, and thus to maintain its adequate conformation. 38 Our results corroborate to a global stabilization of the receptor due to glycosylation [ Fig. 2(A,B) ], especially when the receptor is bound to EGF. In addition, we observe that the removal of the glycans in the EGFR-EGF system yields a higher RMSD in the receptor dimer than in its glycosylated counterpart [ Fig. 2(B) , red and yellow bold lines].
Structurally, the absence of N-glycosylation disrupts the EGFR arrangement such that Domain III of the monomers shift away from each other (Fig. 3 , dEGFR EGF and dEGFR NAG-EGF ). A similar rearrangement involving Domains III, but in a significantly smaller scale, has also been observed in another molecular dynamics simulations of a EGFR contained a modeled Domain IV, when in contact with a POPC membrane (but not in water). 39 The authors find that overall Domain IV is highly flexible, while Domains I-III are highly stable. If the RMSD of dEGFR EGF and dEGFR NAG-EGF is calculated for each monomer separately, both N-glycosylated polypeptides also tend to show lower RMSDs, especially in the final part of MD simulations [ Fig. 2(B) , straight and dashed, yellow thin lines] in comparison to their nonglycosylated counterparts [ Fig. 2(B) , straight and dashed, red thin lines]. Taken together, our results suggest N-glycosylation is crucial for Domain III stabilization. When the protein is in the unbound state, the RMSD plots for the nonglycosylated and glycosylated dimeric proteins do not differ significantly [ Fig. 2(A) , black and gray bold curves]. However, in both systems the apparent increase in the distance between Domain III also occurs in the monomers (Fig. 3 , dEGFR and dEGFR NAG ). As suggested by the RMSD graphs, the presence of N-glycan seems to alter the flexibility of specific regions of the protein. Thus, local conformational stabilization effects are observed, in which the glycosylated receptor shows local lower flexibility profiles near N-glycosylation sites [ Fig. 2(C,D) , squares]. Furthermore, near the regions of hydrophobic binding to EGF, as around amino acids Leu12, Tyr43, Leu67, and Leu96, the systems where N- glycosylation is absent tend to be more flexible [ Fig.  2(C) , black versus gray curves; Fig. 2(D) , red and gold curves]. These data indicate that N-glycosylation may also stabilize some of the residues involved in EGFR-EGF interaction.
EGFR-EGF binding
The EGFR extracellular domain may be divided into three main sections that represent its four structural subdomains (Fig. 1) . Amino acids 1-165 make up domain and Section I, amino acids 166-309 compose domain and Section II, and the third section is composed of Domain III (amino acids 310-481) plus Domain IV (amino acids 482-510). The Sections I and III comprise the EGFR regions associated with EGF binding, whereas Section II, as previously commented, is associated with the dimerization arm used to homodimerize the EGFR or help it bind other ErbB receptors.
From the MD simulations, both Sections I and III display a peak-and-valley pattern, in which the peaks are hydrophobic residues (represented with filled circles) involved with EGF binding [ Fig. 2(C,D) ]. As expected, the highest fluctuations on these residues are observed in the systems lacking EGF [ Fig. 2(C) ]. Although the role of dimerization appear to be minimal, EGF binding seems to be crucial in the receptor stabilization, as visualized by the similarity of the starting structures (Fig. 3 ) and the marked difference in RMSD between the monomeric [ Fig. 2(A) , blue curve and Fig. 2(B) , green curve] and the dimeric nonglycosylated [ Fig. 2(A) , black curve and Fig. 2(B) , red curve] versus glycosylated [ Fig. 2(A) , gray curve and Fig. 2(B) , gold curve] proteins.
In terms of flexibility, while subtracting the RMSF values of EGF-absent and EGF-present systems, it may be observed that EGFR mobility is overall reduced due to the presence of its natural ligand (Fig. 4) , as most of the resultant DRMSF graphs contain positive values. Besides minor regions in Domain I (Residues 1-165) , two worth noting exceptions are observed: (1) the regions in the dimerization arm in Domain II in the monomeric systems (Fig. 4 , blue line, between Residues 180 and 270), Figure 3 Snapshots for the initial and final structures of the simulated EGFR are presented, in front and side views. In these structures, the EGF hormone, when present, was omitted for clarity. Proteins are represented in cartoon model, where a-helices are displayed in purple, helices 3-10 in blue, bsheets in yellow, loops in cyan, and unstructured regions in white.
possibly due to the lack of the complementary monomer in these systems and (2) Domain III in the dimeric and glycan-free systems (Fig. 4 , black curve, between Residues 300 and 400), in which the N-glycosylation sites lie three-dimensionally close to the EGF-binding pocket (Fig. 1) . The latter results add to the previously discussed data on the importance of N-glycosylation in proper receptor-ligand interaction, especially regarding the stabilization of the region around Residue 350 on EGFR Domain III in the presence of the EGF ligand, where two residues involved in EGFR-EGF hydrophobic bonds and one in EGFR-EGF salt bridge are located.
In order to further explore the EGFR conformational dynamics, a principal component analysis (PCA) was performed. As a result, most of the identified amplitude motions are mostly represented by the first 3-4 modes [ Fig. 5(A) ]. Additionally, the systems containing both Nglycans and EGF show the lowest first eigenvalue [ Fig.  5(A) , green and gold lines], followed by the Nglycosylated systems [ Fig. 5(A), blue and gray lines] . The principal components of EGFR Ca indicate that the systems devoid of EGF rise in value as the simulation progresses [ Fig. 5(B) , blue, black, and gray lines], whereas EGF-bound systems show a steady decline or maintenance [ Fig. 5(B) , red, green, and gold lines]. This finding is in agreement with the fact that EGFR in an unbound state is largely monomeric and with the mechanistic model that binding of EGF is associated with a dramatic conformational change. 39,40 At the residue-level, projecting the first eigenvectors onto the EGFR sequence, the parts of the protein most involved in large-amplitude motions become more evident [ Fig. 5(C,D) ]. Therefore, as observed from the RMSF plots [ Fig. 2(C,D) ], high fluctuations are observed in the dimerization arm, located in Domain II, for the monomeric systems [ Fig.  5(C,D) ], while a relatively noisy behavior is observed for the regions embracing Domains III and IV. Nevertheless, the main difference is related to the N-terminal segment of Domain I, residues about 1-100, which present high flexibility in the absence of EGF and reduced motions in the presence of EGF [ Fig. 5(C,D) ], including amino acids involved in the EGFR:EGF binding, as residues Leu12, Tyr43, Leu67, and Leu96.
EGF binding pocket
The space between Domains I and III of EGFR extracellular domain comprises the binding pocket to EGF and other analogous ligands (Fig. 6) . In order to further evaluate the influence of dimerization, N-glycosylation and EGF-presence, the minimum distance between residues L12 and V348 was measured, as a metric for binding pocket width, throughout the simulations (Fig. 6 ). In agreement with the previously discussed results, the strongest effects on the interdomain distance are caused by the presence of EGF, causing the space between L12 and V348 to be smaller in such systems (Fig. 6 , green, orange, and red bars). Such data indicate that EGFR-EGF interaction hinders the hydrophobic residues from solvent and tighten the opening between domains, while EGF removal disrupts the binding pocket (Fig. 6 , black, gray, and blue bars).
Furthermore, N-glycosylation appears to contribute in the maintenance of a better binding pocket organization for EGFR-EGF binding, as the N-glycosylated receptor has lower distance values than nonglycosylated counterparts (Fig. 6 , red versus orange bars, and green versus blue bars). On the other hand, such difference is not so apparent when EGF is absent, as both higher and lower distance values are observed in the glycosylated monomers (Fig. 6 , gray bars) than in the nonglycosylated ones (Fig. 6, black bars) . 
CONCLUSIONS
The transduction of extracellular signals by the cell surface receptor EGFR is an important factor in the initiation or perpetuation of signal transduction cascades within cells. Such signals regulate natural processes such as cell growth and development. They may also be associated with oncogenesis (e.g., mesothelioma) through aberrant activation of the cell signaling cascades. A part of this signaling cascade is the activation of EGFR through binding of either biological compounds, such as extracellular ligands (i.e., EGF), or foreign substances. 41 Upon binding to a ligand, the receptor homo-or heterodimerizes and autophosphorylation start the signal to the nucleus. The complexity of EGFR dynamics upon binding of different ligands has been recently addressed and a similar binding mode was observed. 42 Therefore, the aim of this study was to assess structural variables (dimerization, N-glycosylation and substrate binding) that influence EGFR structural stability and the importance of N-glycosylation on the protein's extracellular domain.
Several experimental studies have reported the importance of N-glycosylation on the functional properties of EGFR, including cell surface expression, 12,13 ligand binding, 12,13,43,44 dimerization, 14,15,45-47 interaction with membranes, 38 and endocytosis. 44,48 These properties are intrinsically related to EGFR conformation, such that an inadequate protein conformation may impair the receptor to perform such activities. However, the degree of conformational change linked to EGFR function has not been inferred. The present study is the first atomiclevel report of a comparison between nonglycosylated and glycosylated EGFR molecules, both in monomeric and dimeric forms.
Analyses of the simulations showed that all three variables played a decisive role in the conformational stability of the EGFR within the simulation time, highlighting their relative importance on EGFR stability. The effect of dimerization yielded the least amount of change in tertiary structure and conformational dynamics. Protein Nglycosylation showed a more significant impact, especially when the protein was in its dimeric form. This finding confirms the importance of N-linked glycans in stabilizing protein conformation, 16-18 and aligns with the mechanistic model that binding of EGF is associated with a dramatic conformational change. 39, 40 Altogether, the influence of the three variables in this study to EGFR extracellular domain conformational stabilization seems to be hierarchal, whereby the presence of a ligand provides the major conformational stability to the receptor, followed by N-glycosylation, and lastly the dimerization of the protein. Such results are thus expected to provide an important reference for further molecular investigation into the EGFR dynamics upon exposure to other natural and foreign ligands.
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